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Abstract 
 
The invasive macroalgae Gracilaria vermiculophylla has appeared increasingly in otherwise non-
indigenous areas including seven geographically separated fjords in Denmark. These fjords now 
contain large quantities of G. vermiculophylla. In our study several eco-physiological traits of G. 
vermiculophylla were investigated in order to examine if it has competitive advantages over local 
macroalgal species, therefore posing a threat to the environment. Also, to assess the possible future 
distribution of G. vermiculophylla in Danish estuaries based on these traits. The results showed that 
G. vermiculophylla has a competitive advantage over native algal species. The grazing preference 
experiments showed that the two local grazers Idotea baltica and Littorina littorea preferred the 
local macroalgae Ulva lactuca and Fucus vesiculosus over G. vermiculophylla. G. vermiculophylla 
showed high tolerance to a broad range of salinities (from 10 to 45ppt) and can grow and probably 
prosper in most of the Danish estuaries, but does not seem to have a competitive advantage based 
on salinity alone. A light experiment where G. vermiculophylla was grown at various irradiances (0 
to 163 µmol photons m-2s-1) showed that G. vermiculophylla is able to utilize low amounts of light 
(40 µmol photons m-2s-1), while maintaining maximum growth rate, which is an advantage in the 
eutrophic Danish estuaries, where the irradiance is limited. Nitrogen experiments showed that G. 
vermiculophylla is able to utilize small concentrations of nitrogen (approximately 0,5µM) and still 
maintain maximum growth. It is very probable that G. vermiculophylla has sufficiently competitive 
abilities to keep pace with the native macroalgae as it is already well established in some Danish 
estuaries. It may very well be able to out-compete some native species with consequences to the 
ecosystems.  
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Introduction 
 
Gracilaria is a genus of red algae (Rhodophyta) known to exist in a number of different areas 
ranging from arctic to temperate and tropical regions (Fisheries and Aquaculture Department, 
1990). Recently the specific species Gracilaria vermiculophylla, which is an invasive macroalgae, 
has made itself known by appearing increasingly in otherwise non-indigenous areas (Thomsen et 
al., 2007a; 2007b). G. vermiculophylla originate from East Asia and the West Pacific and is now 
recognized as an invasive alien species of macroalgae, as it appears progressively more in new 
localities (Thomsen et al., 2007a; 2007b). 
When foreign species become invasive they might pose a threat to many native species. Foreign 
species in this case, G. vermiculophylla, can be very competitive and has also been shown to be a 
very stress tolerant species (Yokoya et al. 1999; Wallentinus et al. 2004; Rueness, 2005). 
The study at hand investigates several eco-physiological traits of G. vermiculophylla in order to 
assess the possible future distribution of this species in Danish estuaries. G. vermiculophylla was 
discovered in Danish waters in 2003, and the spread was probably facilitated by the algae being 
attached to oysters imported from Japan (Thomsen et al., 2007a; 2007b). The algae recruits 
efficiently on bivalve shells and man made structures and is known to have a relatively high ability 
to recover from fragmentation (Thomsen & McGlathery, 2007). It has been confirmed that seven 
geographically separated fjords in Denmark contain large populations of G. vermiculophylla. Since 
its introduction, it has spread to several locations including Holckenhavn Fjord, northern Funen and 
the inlet of Limfjorden (Thomsen et al., 2007b). Considering the fast speed of its distribution, G. 
vermiculophylla will in less than ten years be a common macroalgae in Danish lower water level 
fjord systems (Thomsen et al., 2007a).  
Regarding the invasive nature of this marine macroalgae it is of economical, ecological (Thomsen 
et al., 2007b), and esthetical importance to know the projected impact of the invasive macroalgae in 
invaded waters in order to take the necessary precautions to stop further spread if needed (Thomsen 
et al., 2007a). 
Invasive macroalgae pose a thread to global biodiversity because it can out-compete local species 
(Ruiz et al., 1997; Meinesz, 1999). Ecological influence of invasive macroalgae can be devastating 
for the local ecosystem if the algae are proven to be strong competitors for resources. A decrease in 
biodiversity among macroalgae caused by competition, could lead to a decrease in biodiversity 
among marine animals as well. The decrease in animal biodiversity is among others things linked to 
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the loss of favoured food sources, breeding grounds and sheltering from predators caused by the 
loss of macroalgae diversity.  
Primarily, in order to understand the inter-specific competition between invasive and local 
macroalgae one must consider several factors including eco-physiological conditions and 
availability of resources. If G. vermiculophylla can grow and prosper over a broader range of these 
factors, it would gain a competitive advantage over native macroalgae. Secondly, the preference of 
local grazers would presumably benefit an invasive species if the grazing pressure exerted by local 
grazers is higher on local macroalgae, than that on invasive macroalgae. Thirdly, the traits of the 
invasive macroalgae e.g. growth rate, dispersal capacity and regenerative abilities can be superior to 
that of local macroalgae (Thomsen et al., 2007a).  
The experiments conducted in this study consist of the examination of four factors: Three factors 
include eco-physiological conditions and resources (irradiance, salinity, and nitrogen). These can 
characterize the tolerance of G. vermiculophylla and it ability to grow and possibly prosper. The 
fourth factor investigated was the grazing pressure. It was conducted to determine whether locally 
abundant grazers prefer or deter the invasive macroalgal species relative to two local macroalgal 
species. The grazing rate would show which of the three algal species the grazers prefer and hence 
whether or not G. vermiculophylla would be more or less challenged by grazing than the local 
species. The results of these experiments would also enable an estimate of future distribution of G. 
vermiculophylla in Danish waters and estuaries.   
The overall hypothesis of this study is that G. vermiculophylla, as an invasive species, is expected 
to be less sensitive to suboptimal levels of light, salinity and nitrogen as well as being less 
susceptible to grazing than local macroalgae. It will therefore be suited to flourish and prosper in 
Danish waters and estuaries. 
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Figure 1: The three generation in Gracilaria vermiculophyllas life history; 
Female and male gametophytes, a carposporophyte and a tetrasporophyte. 
(Fisheries and Aquaculture Department,1990). 
 
Methods and Materials 
 
Overall experimental design 
Four separate culture experiments were conducted during October, November and December 2007, 
in order to test how salinity, light intensity and nitrogen availability affect the performance of 
invasive Gracilaria vermiculophylla (Rhodophyta), and if local grazers (the gastropod Littorina 
littorea and the isopod Idotea baltica) prefer local algae (Fucus vesiculosus and Ulva lactuca) over 
G. vermiculophylla.  
 
Organisms involved in the experiments 
The main algal species involved in these experiments is the invasive red algae Gracilaria 
vermiculophylla (Rhodophyta). G. vermiculophylla originates from the eastern Pacific Ocean and 
was first observed  in Denmark (Horsens Fjord) in 2003 (Thomsen et al., 2007a) and are today 
spread to the estuaries and coastal areas throughout the Wadden Sea, Vejle Fjord, Horsens Fjord, 
Limfjorden, Holckenhavn Fjord and some smaller harbours. (Thomsen et al., 2007a) In some fjords, 
G. vermiculophylla are already the most dominating algae along with Fucus vesiculosus (Thomsen 
et al., 2007b).  
The order Gracilariales is well 
known for species of commercial 
importance as sources for 
agarose and agar (Graham & 
Wilcox, 2000).  
G. vermiculophylla has an erect 
cylindrical thallus that rises from 
a small discoid holdfast and 
lateral branches that arise from 
the thallus. It varies in color 
from light green to dark reddish 
brown, figure x (Orav-Kotta & 
Kotta, 2004). 
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The life history of G. vermiculophylla includes separate male and female gametophytes along with 
carposporophytes and tetrasporophytes (fig 1) (Fisheries and Aquaculture Department, 1990). In 
our experiments the gametophyte generation (mostly female) was used.   
In the grazing experiments two algae species, local to Danish estuaries were used. In addition to 
nutrient content and texture, the algae’s have very different morphologies which could have an 
effect on the grazer’s habitat and food selection pattern. 
 
Fucus vesiculosus (Phaeophyta) is brownish in color and the thallus is robust (leathery) and flat 
with leaf-like branches. F. vesiculosus provide a good shelter for the grazer Idotea baltica (figure 
3). Ulva lactuca (Chlorophyta) is greenish in colour and has a flat, thin (sheet-like) structure and is 
only two cell layers thick. It has no branching and the thallus arises from a small discoid holdfast 
(figure 2) (Graham &Wilcox, 2000; Levinton & Haefner, 2003).   
                  
In the grazing experiment two grazers were used: 
I. baltica has a dorso-ventrally flattened body (figure 3). It often lives in close association with the 
brown algae F. vesiculosus. It is omnivorous and feeds mainly on macroalgae and periphyton 
(Orav-Kotta & Kotta, 2004). It has a wide and almost cosmopolitan distribution (Naylor, 1955), and 
are dispersed into the brackish water of the Baltic Sea (Saleema, 1978, 1979).  
Littorina littorea is a periwinkle, which has a muscular foot for motion, and has a shell on its back, 
(figure 3). It lives along the surface and is often found in rocky and muddy habitats. It is 
 
Figure 2: From left to right: Gracilaria vermiculophylla, Fucus vesiculosus and Ulva lactuca (Guiry, 2007).  
 
Figure 3: From right to left: Idotea baltica (Marlin, 2007) and Littorina 
littorea (Asturanatura, 2007). 
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omnivorous (Hylleberg & Christensen, 1978) and feeds e.g. on periphyton (Sommer, 1999), 
macroalgae and invertebrate eggs. It is widely distributed in Danish waters (Hylleberg & 
Christensen, 1978).  
 
Preparation of algal material 
Individuals of G. vermiculophylla were collected in a shallow embayment at the tip of Fyns Hoved 
(Funen, Denmark) at a depth of 0.1-1.0 m during mid September 2007. Individuals of F. 
vesiculosus and U. lactuca were collected at a depth of 0.5-1.0m in Vellerup Vig (Isefjorden, 
Denmark) during late September 2007. The algae were transported to the laboratory, where they 
were held in freshly collected, aerated sea-water from the sampling sites under sub-saturated light 
conditions (16h light: 8h dark cycle) at 17° C until used in the experiments.  
 
Prior to each experiment algae were divided into smaller pieces that were similar. All pieces were 
made up by the tips of the algae, and had approximately the same amount of branches to standardize 
the potential maximum growth rate, provided the algae were kept under the same conditions (i.e. to 
reduce variation among replicate individuals). 
For the salinity and light experiments G. vermiculophylla was cut into pieces of approximately 5-
10cm length. For the grazing experiment G. vermiculophylla was cut into pieces of different sizes 
depending on whether or not they were subjected to grazers, and if there were other algal species 
the grazers could eat.  
For the grazing experiment U. lactuca was cut into pieces of approximately 10x15cm while F. 
vesiculosus was cut into pieces of about 7cm consisting of 3-4 apical tips.  
 
Grazing experiment: The grazing experiment was separated into two sub-experiments (A and B). 
In sub-experiment A, one piece of G. vermiculophylla (approximately 0.75-1.86 g FW), one piece 
of F. vesiculosus (approximately 0.66-2.66 g FW) and one piece of U. lactuca (approximately 1.90-
3.89 g FW) were strapped on a PVC plate placed at the bottom in each of 15 aquaria (8L). The 15 
aquaria represented three groups each with five replicates. The first group contained only algae, the 
second group contained algae plus ten individuals of L. littorea, and the last group contained algae 
plus five specimens of I. baltica. 
In sub-experiment B, one piece of G. vermiculophylla (approximately 1.04-2.92 g FW) and one 
piece of F. vesiculosus (approximately 1.31-2.56 g FW) was strapped on a PVC plate and placed in 
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the bottom of each10 aquaria (8L). The aquaria were divided into three groups, the first group 
containing only algae, the second group containing algae plus seven individuals of L. littorea, and 
the last group containing algae plus five specimens of I. baltica. 
All containers used in the two grazing experiments were kept under constant temperature (17° C). 
The water used in the experiment was collected in the Kattegat (approximately 35ppt) and diluted 
with tap-water until it reached a salinity of 25 ppt and each container was enriched with 
approximately 50-120 mg total-N and 5-15 mg total-P as slow release fertilizer pellets.  
The grazing experiments was initiated and lasted for approximately en week. The isopods and 
gastropods in each aquarium were checked daily and dead specimens were replaced. The FW of 
each algal piece was measured at the end of each experiment. The growth rate of each specimen 
was calculated assuming exponential growth: 
     
1
0t t)FWlnFW(ln −−=µ     (1) 
where FW0 and FWt are the initial and the final FW biomass of each algal sample and t is the 
incubation time in days. Grazing rate was finally estimated as the difference between growth rates 
of control algae and grazed algae, respectively: 
GrazedControlg µ−µ=        (2) 
where µControl and µGrazed are the growth rates of algae from the control and the grazer treatment, 
respectively. Grazing rates were expressed in units of d-1, and if divided by the number of animals 
in each aquarium, then in units of individual-1 d-1. 
The feeding preferences of the 2 grazers (i.e. grazing rates on the 3 algae species) were compared 
by a Chi-square test (χ2), where p<0.05. 
 
Salinity experiment: One piece of G. vermiculophylla (approximately 0.3-2.0 g FW) was placed in 
each of 45 small translucent PVC-containers (1.6 L) and were subjected to 9 levels of salinity (0, 5 
10, 15, 20, 25, 30, 35 and 45 ppt – each salinity in five replicates). The containers were exposed to 
107 µmol photons m-2 s-1 in a 16h light; 8h dark cycle under constant temperature (17° C). The 
water used in the experiment was collected in the Kattegat (approximately 35ppt) and diluted with 
tap-water to obtain the wanted salinities. The DIC-concentration in the Kattegat water was 
approximately 2.11 µM while it was 5.0 µM in the tap water. In the containers with different 
salinity, the DIC concentration ranged from 2.2-4.1 µM after one week of growth. Water in the 
containers was renewed weekly. Each container was enriched with approximately 50-120 mg total-
N and 5-15 mg total-P slow release fertilizer pellets.  
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The algae were acclimatized to their new salinity by changing the salinity from the original 20-
25ppt (at which algae were kept for storage) by 5ppt every day, until we had algal cultures with the 
needed salinities (range: 0-45ppt). Growth measurements were then initiated and ended after 
approximately three weeks. Initial FW was measured for each algal piece and FW was subsequently 
measured at least once a week for the following three weeks. Growth rate (at each salinity) was 
estimated by plotting FW against time and fitting an exponential function to the data (assuming 
exponential growth):    
timeaebFWBiomass ××=)(
   (3) 
where the exponent (a) is equal to the growth rate (in ln units d-1). Replicate growth rates were 
finally used to estimate the mean growth rate with associated variation (±SE) for each salinity, and 
were tested statistically by using a one-factor ANOVA. Afterwards Tukeys multiple comparison 
test was used to identify the means that differed from each other     
 
Light experiment: One piece of G. vermiculophylla (approximately 0.4-6.9 g FW) was placed in 
each of 35 translucent PVC-containers (1,6 L) subjected with 7 levels of incident light (0%, 5.5%; 
10.0; 18.7%; 37.1%; 62.9% and 100% light – each level with three replicates). The containers were 
exposed to 112.4 µmol photons m-2 s-1 in a 16h light; 8h dark cycle under constant temperature (17° 
C). The water used in the experiment was collected in the Kattegat (approximately 35ppt) and 
diluted with tap-water until 25 ppt. The DIC-concentration of the Kattegat water was approximately 
2.11 µM while it was 5.0 µM in the tap water. Each container was enriched with 50-120 mg total-N 
and 5-15 mg total-P slow release fertilizer pellets. The water in each container was replaced with 
freshly mixed water about once weekly.  The light experiment was then initialized and lasted for 
approximately three weeks and individual FW-biomass was measured four times during this period. 
Growth rate (at each light interval) was calculated according to Eq. 3, and was examined 
statistically by using a one-factor ANOVA. Afterwards Tukeys multiple comparison test was used 
to identify the means that differed from each other. 
 
Growth versus nitrogen experiment:  In order to precondition algae (i.e. obtain individuals with a 
range of tissue N-content), several large specimens of G. vermiculophylla (approximately 10-25 g 
FW per individual) were placed in each of twelve aquaria (each 20L) that received different loads of 
nitrogen (as NH4NO3 from a stock solution). These aquaria were exposed to approximately 100 
µmol photons m-2 s-1 in a 16h light; 8h dark cycle under constant temperature (17° C). The algae 
9  
were pre-conditioned for four weeks. Water in the aquaria was replaced by freshly collected sea 
water (salinity approximately 25 ppt) once weekly. The tissue N-content of the plant tissue was 
measured on small sub-samples after approximately 3 weeks (on a Carlo-Erba Elementar Analyzer) 
and the N-loading was adjusted if necessary. The tissue N-content ranged from approximately 0.8 
to 3.5% N of DW, when the growth experiment was initiated. 
The final measurement of growth was performed in 24 (i.e. two replicated of each tissue-N level) 
small translucent PCV-containers (1,6 L) over a period of 14 days. The water used in this 
experiment sea-water diluted down to approximately 25ppt using tap-water (final DIC-
concentration approximately 2,5 µM). The water was renewed three times during the growth period. 
The algae were harvested after two weeks and dried to constant weight at 90° C. Tissue N-content 
was measured on all algal samples used for growth as described above. The specific growth rate (µ) 
was determined from the increase in algal FW assuming exponential growth: 
1
0 )ln(ln −−= tBBtµ    (4) 
where B0 represents the initial and Bt the final biomass after t days incubation.  
Growth rate (µ) was plotted against mean tissue N-content (i.e. the average between initial and final 
N-content in each piece) and data was fitted to the Droop equation (Droop 1983) using non-linear 
least-square regression: 
)1(max N
NQ−
= µµ                                                       (5) 
where µmax is the maximum growth rate, NQ is the minimum tissue N concentration needed to 
sustain growth (the subsistence quota), and N is the actual tissue nitrogen concentration in the alga. 
The critical N concentration (Nc) is not represented by a definite value because growth rate 
approaches µmax asymptotically with the increasing N-content. Therefore, Nc was estimated as the 
tissue N-content corresponding to the intercept of the two lines determined by the maximum growth 
rate and the initial slope of the curve (Pedersen & Borum, 1996). 
 
Uptake experiment: Several series of uptake experiments were carried out by applying the 
"multiple flask technique" (Pedersen, 1994): uptake of ammonium was measured as the depletion of 
ammonium in small tanks occupied by algae. One piece of Gracilaria vermiculophylla (fresh 
weight approximately 10 g) was placed in each of 8 small translucent PVC-containers (1,6 L) which 
were enriched with ammonium (NH4Cl) to reach start concentrations of  approximately 3, 5, 10,  
20, 30, 40, 60 & 80 µM, respectively. The containers were kept illuminated (106,6 µmol photons m-
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2
 s-1) under constant temperature (17° C). The water used in the experiment was collected in the 
Kattegat (approximately 35ppt) and diluted with tap water to obtain a salinity of 25ppt.  
Uptake rates were estimated as the removal of ammonium. Duplicate 5-mL samples were taken in 
each container at each time interval (15, 30, 60, 120, 240, 300 min). Ammonium was analyzed by 
the citrate-hypochlorite method. Uptake rates (V) were calculated from changes in substrate 
concentration between two successive samples: 
)*(
)]*()*[ 00
Bt
volSvolSV tt−=   (6) 
Where S0 and vol0 are the ammonium concentration and the water volume at the beginning of a 
sample interval, respectively and St and volt are the ammonium concentration and the water volume 
at the end of a sampling interval, t is the time between two successive samples, and B is the DW 
biomass. Substrate concentrations corresponding to each uptake rate were estimated as the average 
of concentrations between two successive time intervals. Uptake rates are expressed in units of in 
µmol N g DW-1 h-1.  
Observed uptake rates were finally plotted against substrate concentrations and the data points were 
fitted to a Michaelis-Menten function using nonlinear least-square regression.    
SK
SVV
M
max
+
×
=    (7) 
Where V is the uptake rate (measured in units of µmol NH4+ g-1 DW h-1 ), Vmax is the maximum 
uptake rate, Km is the half-saturation point and S is the substrate concentration (ammonium 
concentration) in units of µM.  
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Figure 4: Grazing rates when U. lactuca, F. vesiculosus, and G. 
vermiculophylla are grown together and offered to I. baltica and L. 
littorea. Mean grazing rates per day is shown with ±SE, n=5. 
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Figure 5: Grazing rates when F. vesiculosus and G. vermiculophylla are 
grown together and offered to I. baltica and L. littorea. Mean grazing 
rates is shown with ±SE, n=5.  
 
Results 
 
Grazing: Grazing rates were 
calculated as the difference between 
growth rate of control algae (i.e. 
without exposure to grazers) and 
growth rate of algae exposed to 
grazers, divided by the number of 
grazers.  
 
Grazing rates were first measured in 
a multiple choice experiment where 
three algal species (Ulva lactuca, 
Gracilaria vermiculophylla and 
Fucus vesiculosus were offered to 
Idotea baltica and Littorina littorea, 
respectively). Mean grazing rates by 
I. baltica on the three species of 
algae ranged from approximately 
0.003 to almost 0.012 d-1 and were 
highest on U. lactuca (figure 4, Chi-
square, p<0.01). Mean grazing rates 
by L. littorea ranged from 0.001 to 
0.015 d-1 and showed the same 
pattern - U. lactuca was grazed considerably more than the two other species (Figure 4, Chi-square, 
p<0.01)  
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Figure 6: Collective grazing rates when U. lactuca, F. vesiculosus and 
G. vermiculophylla are grown together and when F. vesiculosus and G. 
vermiculophylla are grown together.  
In a second experiment only F. vesiculosus and G. vermiculophylla where offered to I. baltica and 
L. littorea respectively. Mean grazing ranged from approximately 0.0225 to 0.0150 d-1 for I. baltica 
and were highest on F. vesiculosus 
(Figure 5, Chi-square, p<0.01). 
Mean grazing rates by L. littorea 
ranged from approximately 0.0050 
d-1 to 0.0020 d-1 and showed the 
same pattern (Figure 5, Chi-square, 
p<0.05). Both I. baltica and L. 
littorea preferred U. lactuca > F. 
vesiculosus > G. vermiculophylla.  
 
Comparison of the collective 
grazing rate on U. lactuca, F. 
vesiculosus and G. vermiculophylla vs. the collective grazing rate F. vesiculosus and G. 
vermiculophylla showed a 2 fold increase in grazing rate for Idotea (0.018 d-1 vs. 0.037 d-1) when 
U. lactuca is not present while Littorina showed a decrease in grazing rate by almost 50% (0.017 d-1 
vs. 0.08 d-1), figure 6.   
 
Salinity: The salinity tolerance of G. 
vermiculophylla was investigated by 
measuring growth rates at salinities 
ranging from 0 to 45 ppt.   
G. vermiculophylla grew well under 
a variety of salinities (figure 3). 
Only at 0 ppt no growth rate was 
detected  
(-0,003±0,007g FW g-1FW d-1). At 
5-10ppt the growth rate was about 
one third of the highest growth rate 
observed (i.e. 0,024±0,19g FW g-1FW d-1 for 5ppt and 0,024±0,004g FW g-1FW d-1 for 10ppt). The 
optimal salinity range seemed to lie between 15 and 30ppt where growth rates reached 0,063±0,02g 
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Figure 7: Growth rates of G. vermiculophylla when grown at various 
salinities. Growth rates are shown with ±SE, n=5.  
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Figure 8: Growth rates of G. vermiculophylla when grown at various 
irradiances. Growth rates are shown with ±SE, n=5. Nonlinear 
regression is fitted to the data, (mean corrected R2=0.834, p<0.001). 
 
 
Light (a) Light (b) P 
0 42 0,008 
0 71 0,037 
0 112 0,029 
6 42 0,012 
6 112 0,044 
11 42 0,017 
Table 2: Tukey multiple comparison test 
SALINITY(a) SALINITY(b) p 
0 15 0 
0 20 0 
0 25 0,003 
0 30 0 
0 35 0,005 
0 45 0 
5 20 0,005 
5 30 0,003 
10 20 0,01 
10 30 0,008 
Table 1:Tukey multiple comparison test.  
FW g-1FW d-1 at 30ppt. At more saline conditions (35-
45ppt) a slight tendency for slower growth was observed 
(0,044±0,021g FW g-1FW d-1 at 45ppt). The growth rate 
observed at 25ppt (0,040±0,002g FW g-1FW d-1) was 
much lower than at 20ppt and 30 ppt.  A one-factor 
ANOVA showed significantly difference between at 
least two growth rates (p<0.001), and a Tukey multiple 
comparison test was used to determine which growth rates differed (table 1). 
 
Light: Light response for G. 
vermiculophylla was measured as the 
growth rate at different irradiances 
ranging from 0 to 163 mol photons 
m
-2 s-1.  The relationship between the 
growth rate (µ) and irradiance (I) was 
described by the equation: 
0
max
max r
I
I
−
+
⋅
=
αµ
αµµ    
Where µmax is maximum growth rate 
and α is the efficiency of light 
utilization for growth at low 
irradiance. r0 is the rate of weight loss at 0 irradiance. The various parameters were estimated using 
SYSTAT nonlinear regression. µmax=0,0557 α =0,0016 and r0=0,0059 (R2=0.917, mean corrected 
R2=0.834). From the data and figure5, lc (light 
compensation point) and lk (saturation point) were 
estimated to be seven µmol photons m-2 s-1 and 40 µmol 
photons m-2 s-1 respectively. 
A one-factor ANOVA showed a significant difference 
between at least two growth rates (p<0.001), and a 
Tukey multiple comparison test was used to determine 
which growth rates differed (table 2). 
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Figure 9: Surge NH4+ uptake by G. vermiculophylla at various NH4+ 
concentrations (15 to 60 minutes after experiment was initiated). Non-
linear regression was used to fit the Michaelis-Menten function to the 
data (Mean corrected R2=0.892, p<0.001). 
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Figure 10: Assimilated NH4+ uptake by G. vermiculophylla at various 
NH4+ concentrations (60 to 240 minutes after experiment was initiated). 
Non-linear regression was used to fit the Michaelis-Menten function to 
the data (Mean corrected R2=0.891, p<0.001). 
Nutrients: Two experiments 
were conducted in order to 
determine minimum nutrient 
concentration required for 
optimal growth of G. 
vermiculophylla.  
The multiple flask method were 
used to determine surge uptake 
and assimilated uptake in µmol 
NH4+ g DW-1 h-1 at various NH4+ 
concentrations in the water 
(figure 9 & 10). 
A Michaelis-Menten equation, 
[ ]
[ ]+
+
+
⋅
=
4
4max
NHK
NHVV
m
  
was fitted to the data using 
SYSTAT where V =NH4+ uptake 
rate, Vmax = Maximum NH4+ 
uptake rate, and km=half 
saturation constant for uptake. 
The parameters where estimated: 
Assimilated: Vmax=11.93 & 
km=7.27 µmol gDW-1h-1 
Surge: Vmax=123.48 & km=54.45 
µmol gDW-1h-1. 
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Figure 11: G. vermiculophylla growth rate at increasing N content (% 
DW). Non-linear regression was used to fit the Droop equation to the 
data (mean corrected R2=0.477). Growth rates are shown with ±sd. 
 
Growth rate (d-1) as a function 
of N content (% DW) and 
mean values were fitted to the 
droop equation 
(
N
NQ−
=
1
maxµµ )  
using non-linear least square 
regression. Values were 
estimated: µmax= 0.035, and 
NQ=0.540 using SYSTAT. 
The lowest possible amount of 
N-content needed to sustain 
maximum growth rate (Nc) was 
estimated to be 1.2 % N of total DW.  
The N-amount needed for maximum growth (Nreq) was calculated as Nc x µmax=0.00042g N d-1 g-1. 
Converting Nreq to uptake rate (µmol g DW-1 h-1) for comparison with figure 7 & 8 resulted in 1.25 
µmol g DW-1 h-1. The NH4+ concentration needed in the water to sustain the desired µmax was 
calculated to be 0.38µM during the surge uptake, and 0.47µM during the assimilated uptake.  
Converting NQ to the same to find the minimum amount of N required in the water to sustain any 
growth yields 0.36 µM. 
 
 
 
Discussion 
Grazing: The grazing rates of the two grazers, Idotea baltica and Littorina littorea, on Ulva lactuca 
were significantly different from the grazing rates on Fucus vesiculosus and Gracilaria 
vermiculophylla. The grazers clearly prefer U. lactuca (figure 4) when all three algal species are 
available. When only F. vesiculosus and G. vermiculophylla are available, both grazers especially I. 
baltica prefer F. vesiculosus (figure 5). This, as expected, indicates that G. vermiculophylla has 
invasive characteristics: When the macroalgae are introduced to new environments the local grazers 
prefer local macroalgae over the invasive macroalgae.  
I. baltica is known to select macroalgae as habitat more often than as food source, and prefers 
robust branched algae (Nicotri, 1980). This might explain why the grazer preferred F. vesiculosus 
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(which has a robust and flat thalli which provides shelter) (Orav-Kotta & Kotta 2004) over G. 
vermiculophylla. However, our results also show that I. baltica preferred U. lactuca, which has a 
flat thin thalli without branching, over the two other species. This was based on both grazing rates 
and observations made on which algae species the grazers where situated on (observations not 
included).   
The collective grazing rate of I. baltica is lower when U. lactuca is available, which indicates that 
U. lactuca is a better food source probably due to higher nutritional value. However, the grazing 
rate of L. littorea is not lower when U. lactuca is present. The explanation for this might be that 
when U. lactuca is not present, L. littorea prefer to eat the periphyton covering the sides and bottom 
of the aquaria, than eat the two available algae. In addition, L. littorea may not be able to eat F. 
vesiculosus as well as I. baltica without mandibles, and it might also be difficult to eat the 
filamentous algae G. vermiculophylla.   
It is difficult to make exact predictions of the future spread of G. vermiculophylla based on grazing 
preferences, but we have established a plausible scenario:  
In the inner part of the Danish estuaries where the nutrient loading is high and the salinity is low, 
grazing pressure is lower than in the outer parts of the estuaries (Geertz-Hansen et al., 1993). The 
densities of grazers are often lower in the inner parts of the estuaries, which can be due to predation 
on the grazers and the physiochemical environment (Geertz-Hansen et al., 1993). 
We expected that G. vermiculophylla will be able to prosper in both the inner and outer parts of the 
Danish estuaries due to low grazing pressure on it. In the inner parts this advantage of G. 
vermiculophylla will be less significant if grazing pressure is lower.   
 
Salinity: When exposed to salinity changes, macroalgae need to alter their internal osmotic 
pressure in order to prevent loss of internal molecules, and water from entering. This is done by 
pumping molecules and water in and out of the cell. If algae are exposed to low salinities, the turgor 
pressure in the cell will increase as water diffuses across the cell membrane into the cell. If exposed 
to very low salinities, cells can be destroyed by the high internal pressure, and this will inhibit algae 
growth. When cells are exposed to high saline conditions, ions diffuse into the cell leading to toxic 
levels of ions within the cell. The strength of the cell wall and the ability for the cells to regulate 
their internal osmotic potential determines the cells resistance to salinity extremes. The process of 
osmoregulation is costly for the algae, and exposure to salinity extremes will allocate loads of 
energy that otherwise could be used for growth and/or reproduction (Lobban et al., 1985).  
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Salinity has shown to influence the growth rate of G. vermiculophylla. In the interval from 0 to 
45ppt the optimal salinity for growth seems to be from 15 to 30ppt, but the growth rate at higher 
salinities was still high and not significantly different from the optimal growth rate. The salinity 
response is consistent with that of several macroalgae investigated in a study by Taylor et al. 
(2001). In this laboratory study 8 algal species were tested and the authors found that the growth of 
7 of these species increased with increasing salinity up to between 23.8 and 27.2ppt at 20˚C (Ulva 
curvata, U. rigida, Cladophora dalmatica, Enteromorpha linza, Chaetomorpha linum, 
Rhizoclonium rortousum and Percursaria percursa) Only Entermorpha compressa showed the 
highest growth rate at intermediate salinity (i.e.6.8 ppt). Another study showed optimum salinity for 
Codium fragile to occur between 24 and 30ppt at 24 ˚C (Hanisak, 1979). Geertz-Hansen et al. 
(1993) showed that the mean growth rate of U. lactuca were from 0.36 to 0.38 g FW g-1 FW d-1 at 
mean salinities from 10.6 to 13.6ppt. In our salinity experiment the mean growth rate of G. 
vermiculophylla were from 0,024±0,0019 to 0,048±0,0047 g FW g-1 FW d-1 at mean salinities from 
10 to15ppt. U. lactuca has a higher growth rate than G. vermiculophylla in the range of 10 to 15ppt.       
 
G. vermiculophylla is presently found  in the Holckenhavn Fjord (Funen), in northern Funen and in 
several fjords of eastern Jutland (Thomsen et al., 2007b), where the annual mean salinity ranges 
from below 10 to above 25ppt (measured during the period from 1989 to1995 by the Danish 
Nationwide monitoring program). This means that the current locations where G. vermiculophylla 
are found are not solely determined by where the optimal salinity is. Nevertheless, it might give a 
hint about the future spread of the algae in the Danish estuaries. In about 2/3 of the Danish estuaries 
monitored by the Danish Nationwide monitoring program, the mean annual salinity is between 15 
and 30ppt. Considering the salinity response solely, this means that G. vermiculophylla would have 
a high growth rate and most likely prosper if it did spread to these parts. We consider it most likely 
that G. vermiculophylla can spread to most of the Danish estuaries and especially to areas where the 
salinity is rather high (15-45ppt), because our results show a significant difference between the 
growth rate at very low salinity (0-10ppt) and high salinity (15-45ppt). We find it very likely that G. 
vermiculophylla will soon spread throughout the entire Limfjorden complex. First of all, the algae is 
already in the inlet, and secondly, the salinity further into the Limfjorden complex is among the 
highest annual mean salinities found in the Danish estuaries reaching 30ppt (Conley et al., 2000). 
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G. vermiculophylla U. lactuca F. vesiculosus  
lc (µmol m-2 s -1) 7 15 25-35 
lk (µmol m-2 s -1) 40 56 200-300 
Table 3: The light compensation and saturating points for G. 
vermiculophylla and two species locale to Danish estuaries. 
(Merceron et al., 2007; Sand-Jensen 1988; Bäck and Ruuskanen 
2000) 
In our experiments we measured the growth rate of adult gametophytes exposed to various 
salinities. It is possible that the salinity will have a different effect on juvenile individuals and on 
sporophytes.   
 
The salinity level will not remain constant over longer periods and will have some fluctuations. 
Lartigue et al (2003) showed that salinity regime (between 20 and 30ppt) can be highly variable, 
and that abrupt changes in salinity will have a decreasing effect on net oxygen production by U. 
lactuca. Furthermore Einov et al. (1995) found that five species of macroalgae had a similar 
decrease in net oxygen production during salinity fluctuations. However, G. vermiculophylla is 
shown to maintain growth in low and high salinities respectively. If located in estuaries it is likely 
that the growth will not be maintained as shown in the experiments, due to a high osmoregulation 
and hence energy will not be accommodating for growth and reproduction when exposed to 
fluctuations in salinity.  
If they exact effects of salinity fluctuations should be determined, more studies (both in laboratory 
and in situ) need to be conducted.  
 
Light: The light compensation point 
(lc) where the amount of carbon 
fixed through photosynthesis is 
equal to the amount used for 
respiration, and the saturation 
irradiance (lk) where further 
increases in irradiance no longer effect the growth rate is of interest in determining if G. 
vermiculophylla would have a competitive advantage over locale macroalgae (table 3). These 
results suggest that G. vermiculophylla is well adapted to low light conditions which could confer a 
competitive advantage upon it at these points. However, G. vermiculophylla would also need to 
have a growth rate comparative to that of local macroalgae to succeed. The highest growth rate 
observed for G. vermiculophylla was in the salinity experiment. G. vermiculophylla grew 0.063 g 
FW g-1 FW d-1 in comparison with growth rates of 0.059 to 0.106 g FW g-1 FW d-1 for U. lactuca, 
0.0171 g FW g-1 FW d-1 for Fucus Serratus, and 0.0442  g FW g-1 FW d-1 for Chondrus crispus 
observed by Markager & Sand-Jensen (1996). These growth rates come from dim light acclimatized 
algal experiments and therefore might underestimate the growth rates of the locale macroalgae in 
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comparison to G. vermiculophylla.  It is clear to assume that G. vermiculophylla has sufficiently 
fast growth to keep pace with the locale algae as it is already well established in some Danish 
estuaries (Thomsen et al, 2007a). 
 
The advantage of G. vermiculophylla to utilize low amounts of light might manifest itself in a 
variety of ways with regard to Danish estuaries.  Danish estuaries are historically highly eutrophic 
(Kronvang et al., 1993; Agger & Ærtebjerg, 1997) which can result in a decrease in primary 
production for benthic flora via increased shading in the water column (Meyercordt and Meyer-
Reil, 1999). G. vermiculophylla would be in a good position to exploit the low levels of light at the 
benthic level resulting from this, which may be a factor in its success.   
 
Another possible factor allowing G. vermiculophylla to perform well in Danish estuaries could be a 
seasonal dominance, such as in the winter when irradiance is lowest and nutrient loading is highest 
(Rask et al., 1999, Conley et al., 2000).  If G. vermiculophylla is able to maintain growth during this 
period when its competitors, such as F. vesiculosus, growth is severely reduced (Bäck & Ruuskanen 
2000) then it could monopolize the suitable substratum. However, temperature would play a large 
role in this and there is no data available to determine if G. vermiculophylla can grow well in winter 
temperatures. 
 
It is reasonable to assume that the future spread of G. vermiculophylla to other estuaries in Denmark 
would not be inhibited by differences in light availability. However, differences in irradiation at the 
benthic level between estuaries may be a factor in the current and future distribution of G. 
vermiculophylla.  In the future a reduction of nutrient loading in the Baltic Sea as required by 
HELCOM Baltic Sea Action Plan (2007) should lead to reduced eutrophication and greater light 
penetration through the water column.  This would shift the competitive advantage in irradiance 
away from G. vermiculophylla and toward the macroalgal species used for comparison here. 
 
 
Nutrients: Though there is a high input of N into Danish estuaries from anthropogenic activities 
(Rask et al., 1999) there is still evidence that N is the most important limiting nutrient in benthic 
macroalgae growth. (McGlathery & Pedersen, 1999; Pedersen & Borum,1996)  This is caused by 
the ability of the opportunistic alga and phytoplankton to reach higher growth rates than the more 
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complex slower growing algal species. (Pedersen & Borum, 1996) In fact it has been shown that 
under increased nutrient loading benthic macroalgal biomass decreased (Valiela et al., 1997). 
 
This has implications in determining the competitiveness of G. vermiculophylla in utilizing N when 
it is present in small amounts, or in using N quickly when there is a temporary surge in N levels. 
The half saturation constant (Km ) showed the competitiveness of an algae to use available N at low 
levels while the maximum uptake rate (Vmax) showed the same at high N concentrations. The Vmax : 
Km ratio therefore allows the competitive ability over a range of N concentrations to be assessed. 
Table 4 presents these relevant values for G. vermiculophylla and several species native to Danish 
estuaries. 
 
These data indicate that G. vermiculophylla is adept to growth under low nutrient concentrations but 
would not be competitive at higher concentrations. The Vmax : Km ratio is lower than two of the 
other native alga which would indicate that G. vermiculophylla is generally inferior in N uptake. 
However, due to N being limiting in Danish estuaries the Km value may be the more realistic 
parameter to consider in this situation. This picture is complicated further by the ability of G. 
vermiculophylla to use other sources of N such as urea and amino acids (Tyler et al., 2005) which 
only some macroalgal species are able to.  
 
The other two useful parameters calculated were the NQ and Nc which showed the concentration of 
N required for the algae to sustain its biomass and maximum growth respectively. When converting 
these into concentrations required in the water it is seen that G. vermiculophylla needs 0.36 µM for 
any growth and 0.47µM for maximum growth. Data taken from Roskilde fjord by Pedersen & 
Borum (1996) measured N concentrations of <1 – 2 µM in April to September which was 
insufficient to maintain growth for most macroalgal species. (Wallentinus, 1984) Based on our data 
G. vermiculophylla would be able to sustain growth during this period. 
 
Km Vmax Vmax : Km   
G. vermiculophylla 7.27 11.93 1.64  
F. vesiculosus  45.7 133 2.91 (Wallentinus, 1984) 
C. fragile  21.9 389 17.76 (Hanisak & Harlin, 1978) 
Furcellaria lumbricalis 61.8 54.3 0.88 (Wallentinus, 1984) 
         Table 4: NH4+ uptake rate parameters for G. vermiculophylla and three other species of   
         algae, native to Danish estuaries. 
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Taken together, the ability of G. vermiculophylla to utilize small concentrations of N (small Km) 
and to maintain growth during periods of nutrient limitation confers a massive competitive 
advantage to it. Most Danish estuaries have a period in the summer of nutrient limitation (Conley et 
al., 2000) which would allow G. vermiculophylla to establish itself. 
 
Summary  
 
Our results confirm our hypothesis that Gracilaria vermiculophylla possess traits that give it a 
competitive advantage in Danish estuaries. Of the experiments done, only the salinity range is 
similar to that of native species - and therefore no competitive advantage to G. vermiculophylla 
would be seen. 
 
The most significant results were seen in the irradiance experiment and the N experiments.  G. 
vermiculophylla showed growth at low irradiance levels in which other alga would not be able to 
grow.  Similar results were seen in the N dynamics experiments in which G. vermiculophylla can 
grow at lower N concentrations than native species used for comparison.    
 
Taken together, these situations (low irradiance and low N-content) could describe a eutrophic 
Danish estuary in the summer months. (Pedersen & Borum, 1996; Meyercordt & Meyer-Reil, 
1999). This would be consistent not only with the nutrient and salinity data from Thomsen and 
McGlathery (2006) but also with the geographical distribution of G. vermiculophylla which seems 
to be most abundant in shallow eutrophic waters (Thomsen et al., 2007b). 
The grazing pressure could also play a role in the spread of G. vermiculophylla as the strong 
preference for local algae was seen. However, the grazers used in this experiment were taken from 
Roskilde fjord which does not have G. vermiculophylla. (Middleboe and Sand-Jensen, 2000) Since 
some grazers have been shown to change their grazing preference based on a multitude of factors 
(Vandendriessche et al., 2006; Kotta et al., 2006) it is likely that grazers preconditioned to G. 
vermiculophylla would exert a higher grazing pressure. 
 
Thomsen et al. (2007a) projects that G. vermiculophylla will be a common macroalgal species in 
Danish lower water level fjord systems in less than 10 years. Our results confirm that G. 
vermiculophylla have the necessary physiological traits to survive in most Danish fjord systems 
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(Conley et al., 2000) and the competitiveness needed to become established in a new estuary.  This 
estimate seems to be reasonable in reference to range of ecological conditions G. vermiculophylla is 
able to tolerate. 
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